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FORiWORD

This report was prepared by the Aeromechanics Division
of Defense Research Laboratory, The University of Texas, Austin,
Texas. The work reported herein was authorized by Air Force
Contract AF 33(616)-2673, Task 70121, Project No. 1363, "dind
Tunnel Studies.* The research work accomplished in this program
was under the direction of the Aeronauticl Research Laboratory,
Wright Air Development Center, with Mr. Emil Walk as task scientist.

The technical personnel of the Aeromechanics Division of The
Defense Research Laboratory who have been assigned to this project
under the supervision of Dr. M. ;. Thompson are Mr. G. C. Goldbaum,
project engineer, assisted by Messrs. J. M. Cooksey, P. D. Carnaham,
and Miss. Reba Beeler.

NMIfCZ

This technical report was released for publication by the author
in February 1955.
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CONADENAL
ABSTRACT

During the initial period of 1 September 1954 through 28 February

1955, the redesign and modification of the two-inch variable Mach number

wind tunnel has been accomplished. The Laboratory vacuum system has

been expanded and extended to the two-inch tunnel. A flow-measuring

circuit was designed and installed to measure the mass flow scavenged

through the perforated plates, including the necessary instrumentation

and a complete series of flow measuring nozzles. Finally, a series

of perforated plates was fabricated to test the effects of variables

such as plate porosity, plate length, hole size, and hole aspect ratio.

The testing phase was begun, with the first tests including testing

of perforated plates of 7.03 and 25.6 percent porosities at nominal

Mach numbers of 1.8, 2.8 and 3.8, and with plate angles of attack of

1.0 and 2.3 degrees. The data are presented in the form of logarithmic

plots showing the variation of mass flow through the plate (in terms

v
of the velocity ratio, -n) with the pressure drop across the plate

(in terms of the pressure ratio, ! P). Schlieren photographs were
q.

made of the flow over a two-dimensional double wedge, and the initial

analysis indicates that perforated walls will successfully cancel shock

waves at supersonic Mach numbers.

PUBLICATION REVIEW

This report has been reviewed and is approved.

FOR THE COMMANDER:

ALDRO LINGARD, Colonel, USAF
Chief, Aeronautical Research Laboratory
Directorate of Research
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introduction

This report presents a suary of the work done at the Defense

Research Labratcry, The University of Texas, Austin, Texas, during the

period 1 September 1954 tbrough 28 February 1955, on "Research Work on

Supersonic Wind Tunnels to Investigate the Use of Perforated Walls".

The primry purpose of the research program was to investigate the

effectiveness of shock wave cancellation tbrough the use of perforated

wind tunnel walls. This need has been emphasized by the contemplated

testing of relatively 1lng models in present and proposed wind tunnels.

The cancellation of the reflection of the leading-edge or other undesir-

able shock waves at the vin tunnel walls is necessary in order that rea-

listic free-flight aerodynamic data be simulated. The shock reflection

does not exist under free-flight conditions.

It is not practicable to enlarge existing or proposed wind tunnel

installations; therefore, it is felt that a method of artificial shock

wave cancellation is the imediate answer, the most direct approach being

the cancellation of shock waves by sass flov suction through perforated

vils. This method has been used quite extensively and successfully in

high subsonic, transonic, and low supersonic speed wind tunnels, and it is

felt that this mthod of shock cancellation can be carried over into the

higher supersonic regions. The present study is primarily concerned with

shock cancellations in the Mach Number range of about 1.5 to 3.5.

Experiments of this general nature have been conducted and reported

in Ref. (1). The results Indicated that it was possible to define a per-

forated plate in terms of the relationship:

. n

q

where #. is the measured static pressure drop across the perforated plateq.,

divided by the free stream dynamic pressure. The velocity ratio is determined
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by the moss fl oawsavenged tlouog the late# ts free steas Ui0it and

air velocity end the arm of the perforated region of the plates i*e.,

71 S

The symbols are defined in the sectlo n namoatwe.

Th results of the tests also indicated that the ex3one t, np arA

the viscous los coefficient, k# coud be detexuline for each plte at *a&b

Wch lumber,, i.e., the slope and interoept of a lcagarthl.o plot at the

above ex~ressiam yoe functions of the plate pcroeitW, plate 41maora
hole size and shapej, hole distributlon, and Mach Number. Other dT ft

were also indicated by variablev such as the ratio of hole alse to plate

thickness, the angle of the hole with respect to the plate surfas the

shape of the hole inlet, and the surface condition of the plate.

Since results of tests indicated that perorated plates was

practical mae of cancelling shook waves at Mach Nabers up to about

1.,2 a proram was instituted in which the research would be extuned to

Mach limbers up to 3.8.

The first phase of the progam vas designed to cover a period of

six moth and was to include the investigation of the a rodynamo cblurac-

teristics of several plates of different perforation configiatio , vith

and without mas flow suction tbrough the plates. Primr variables to be

considered vere Wec Number and plate porosity.

The first phase of the work at this laboratory bas been o ,eted.

This has included redesign and modification of the two-inch variable YAch

Number wind tunnel including the colete win tunnel circuit and related

equipment. The modifications included extension of th labOratMY VWYS

system to the two-inch circuit. They also included the addition of two

WADC TR 5D-T 2
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vacuum pumps to the vacuum system, which vas necessary In order to maintain

the required pressure drop, and hence mus flo, across the perforated wells.

A flow meamring circuit was installed to measure the amount of mass flow

scavenged through the perforated plates; the instruaentation was designed

and fabricated, including a series of flow seasuring nozzles designed accord-

Ing to AME specifications of Ref. (2). In addition, a series of perforated

plates vn fabricated to test the effect of plate poresity, hole size, plate

length, hole aspect ratio, and plate angle of attack.

The vind tunnel was revorked to accommodate the perforated plates

downstream of the nozzle flexible plate. A plenum chamber vas installed

beneath the perforated plate to provide a relatively large volume at a

relatively low pressure, through which the mass flow vauld be scavenged.

The initial testing has also been completed. Tests were conducted

to determine the effect of Mach Number, plate angle of attack an. plate

porosity on the mass flow characteristics through the plate perforations.

These tests were conducted at Mach Numbers of 1.8, 2.8 and 3.8 on plates

of 7.03 and 25.6% porosities. The plates vere tested at angles of attack

of 0, 1.0 and 2.3 degrees.

WAD TR 55-185 3
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Description of Equipment

The tests were conducted in the two-inch by two-inch continuous

flow variable Mach Number wind tunnel of the Defense Research Laborator

which can provide Mach Numbers in the continuously variable raw of about

1.8 to 3.8. The tunnel normally operates at supply pressuof about

40 psia; however, the operating supply pressure has been increased to about

100 psia for some of the tests on the perforated plates at the high Hach

Numbers. The wind tunnel was designed to provide for a perforated wall on

the bottom only.

The modified wind tunnel circuit is shown in Fig. 1. Figure 2 Is a

drawing showing the details of the wind tunnel components, including the

plate actuating mechanism and evacuation plenum chamber. Figure 3 is a

photograph of the wind tunnel shoving the bellows outlet tube and bellows

assembly, and Fig. 4 is a photograph of the wind turmel with the side plate

removed showing Plate 2a installed downstream of the nozzle.

The perforated plates tested were two inches wide and six inches

long. They were of 7.03 and 25.6 percent porosities and the perforated

lengths were about two inches long (one test section height). The hole

size was 0.0595 inches in diameter and the plate thickness was 0.063 inches
for both plates. The holes were drilled and the top surfaces were smoothed

over after drilling. Figures 5 and 6 are photographs of the plates that

have been fabricated to date. Plate 2a was in the wind turel and hence

is not included in Fig. 5. The ptqsical characteristics of the plates

are described in detail in Table I.

The mass flow through the perforated plates was determined by a

series of flow measuring nozzles. The static pressure across the nozzle
was masured by a U-tube filled with silicone oil of specific gravity of

about 0.95 and the temperature was emsured by a labcratory thermometer

inserted a safe distance upstream of the nozzle. Figure 7 is a photograph

of the flow measuring nozzles; a 0.75-inch nozzle was also fabricated but

WADO TR 55-185 4
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was in the circuit when the photograph was made, hence is not included in

the figure. The flow measuring instrumentation is shown in the foreground

of Fig. 1.

The pressure drop across the perforated plate was provided by the

laboratory vacuum system whose capacity was increased for this series of

tests. A photograph of the pumping system is shown in Fig. 8, and a

curve showing the approximate operating characteristics of the system is

included in Fig. 9. The pressure drop across the plate was measured by

using the average free-stream side wall static pressures measured at

several stations along the length of the perforated plate and the static

pressure in the evacuation plenum chamber. The pressures were measured

by means of a fifty-tube mercury manometer board.

A perforated plate has been designed and built with static pressure

taps installed directly in the plate; this will provide a comparison

between side-wall static pressures and static pressures directly over the

plate.

WADC TR 55-185 5
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Results and Discussion

The work during the Initial slx.-emth period of this resaroa proe-

gram has Included primarily the desig, nmodification, fabriatin ad

calibration of the wind tmel, wind twina. circuit, istmmentatcmad

related equipimnt. It was possible, however, to perform scow analytioal

studies and to begin the testing pase.

In order to deterine the lilmitatiens of using a perfmrated plate

to cancel shock vaves at relatvely high Iach Number , the curves of

igs. 10 amd 11 were determined. These data show, for supply pressues

of 35 and 50 poia respectlvely, the maximam values of the "essure ratio,

ft Ithat are possible for the Ykch Number range shown and for the assinq

plenum chamber pressues. Included Is the value of the absolute uppe

limit of the pressure ratio, ccuutd assumin that the pressure In the

plenum chamber, P2 , was zero. These data were computed from the relatlonship:

Po PPo

Also shown in the figures are curv s of the critical pressre drop, (-)

which is defined for the critical pressure ratio across the plate, .e.1,

-. 0.528. Pressure ratios greater than the critical value will not

p1

theoretically produce an increase in mae flow through the plate.

Two perforated plates were tested at Ihch Numbers of 1.8, 2.8 and

3.8. The plates were of 7.03 wa 25.6 percent porosities. The tests we

conducted at plate angles of attack of 0, 1.0 and 2.3 degrees. The inzlmm

angle of 2,3 degrees was limited by the nechanical design.

COTR F-85 6
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The data are prsested. in Pigs. 12 throgh 15. Additima tests

were conducted, but the data are being temporarily withheld from publication

until further testing is completed. It appears that an increase In plate

anle of attack imp oves the characteristics of the platen, the larger effect

occurrig a the plate with the greatest poresity. The data indicate, in
general, that a greater presaure-drep ratio is required as the Mach Nuber

is increased for a given mus flow scavenged through the perforated plate.

These teste were conducted with the tunnel emty and were limited

in scope; It Is felt that additional testing is necessary before'definit

conclusioas can be reached.

A series of Schlieren photograph. was ma with a ten-degree

half-angle twe-diaessional wedge in the wind tunnel. These photographs

were m-de at a Mach Nvmber of 1.8 and are shown in Fig. 16 with the Plate 2b

installed in the bottom wall of the tunnel.

Figure 16(a) shows the shock wave configuration over the plate with

no nsa flow being scavenged through the vacuum system. Kovever, it appears

that even without artificial puwping (suction) a circulation results from

the pressue difference acroes the leading-edge shock wave. It is believed

that the higher pressure downstream of the leading edge shock wave induced

a flow throgh the plate which seem to have partially cancelled the reflec-

tion at the perforated wall; however, since the perforated plate extended

upstream of the point at which the lesaing-edge wave hit the wall, the air

that floved Into the plen= chamber (aft of the wave) was discharged into

the wind tunnel ahead of the leading-edge wave and ifhduced another strong

shock wave. This wave can be seen emanating from the bottom wall upstrea

of the point at which the leading edge shock wave struck the bottom wall.

Figure 16(b) shm the effect of inxium suction through the perforated

plate, and Fig. 16(c) shows the effect of optimum suction through the

plate. Optimm suction is defined as the umnt which produces the opti-

mmz shock cancellation configuration. Comparison of the photographs,

particularly In the region ahead of the point at which the leading edge

WADC TR 55-185 7
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shook wave struck the bottom plate, seem to Indicate thlt the opt

plenum chamber pressre my be that which balances the test section essue

ahead of the leading-edge shock.

There was no auction through the top wall, hoe tke shock eoof la-

tion above the wedge provides a direct ccmparlion for the per oratet wall

effects. The heavy lines that resemble stream lines re oil strek result-

ing from the oil deposited in the air during the comression proces A

filter had been ordered to eliminate this problem but delivery me delayed

because of labor difficulties at the factory.

The Reynolds Number of the free stream based on the heiht of the

test section me in the order of 1.5 x 106 for al Mach INumbers. A emre

showing the variation of Reynolds Number with Mach lmber for several vmlusm

of supply presswe Is Included In Jig. 17. The two-inch tunnel nainflj

operates at ste tim temperatures of about 100O?. A are cooplete do-

sl"tion of the wind tunnel Is contained in Ref. (s).

WADC TR 55-185
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CONCLUSION AND RECOMEfNDATIONS

The few tests conducted up to the time this report was written

showed clearly that shock cancellation at higher supersonic velocities is

undoubtedly possible by use of perforated plates. In order to determine

the optimum configurations for best results the following recommendations

are made for the program of the future work:

1. Expansion of the initiated work to determine optimum perforated

plate configurations to minimize shock reflection in the Mach

number range from 1.8 to 3.8.

2. Continuation of the investigation of wind tunnel flow character-

istics of a perforated wall with and without mass flow through

the wall. The following variables should be considered.

a. Hole distribution in perforated plates.

b. Plate length and width.

c. Ratio of hole diameter to plate thickness.

d. Hole inlet configuration.

e. Hole coverage (blanketing)

3. Preliminary determination of shock cancellation properties of the

perforated plates by use of a suitable two-dimensional model.

These properties will be measured quantitatively by pressure

taps and probes and qualitatively by Schlieren photographs.

4. Detailed analysis of the variables involved in defining the

shock cancellation properties of perforated wind tunnel walls.

WADOC TR 55-185 9
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NOMS AIVZ FOR P]fOR M VAI TEM

Contract AF 33(616)-2673

'fT.. A.

12

V2

a a Speed of eomd., feet per second.

A u Ara, square feet*

AR = Aspect Ratio - D/t.

D - Hole diameter, feet.

k - Viscous loss coefficient. A1p/q.- k(Tn/Vl)n .

k' a Viscous lose coefficient; Ap/po M k'(Q )

a = Maso flow, slus per second.

X - Mach Number, v/a.

n - Characteristic slope.

p - Pressure, pounds per square foot.

Ap a Static pressure differential across the perforated plate,
p,- p 2' pounds per square foot.

q n Dynamic pressure - j 7ple j prg, pounds per square foot.

Q a Tolume rate of flov, cubic feet per minute.

Q, a Flow coefficient - P2v mss flow tbrqMg plate

P P**Ap critical ms flow through plate

Re a Reynolds Mumber, p vJ /.

t n Plate thickness, feet,

v = Velocity, feet per second.

v a Weight flow, pounds per second.

WADCT 55-183 31
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RCOZOCIAI J (Continued)

V - Specific heat ratio - i.400 for air.

6 - Angle of eharacteristic slope, n - tan 9.

X - Ratio of open area to total area of porous plate, Ar/A.

p a ¥iscosity, pound-see per square foot.

p a Density, slugs per cubic foot.

Subscripts

o - Stilling chamber condition.

1 a Free stream condition above perforated plate.

2 a Conditions in pleum chamber beneath perforated plate.

- a Free stream condition in vind tumnl.

n a Norml cmponent to plate.

p - Defines open region of perforated plate.

ts a Test section.

cr = Critical.

Superscripts

a Critical condition, K - 1.0.

WADC TZ 55-185 12
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TABLE I

Descriltion of Perforated Plates

POR

L S o HOLE ASPECT AREA WEBR OPEN TOTAL
A S OIROx DIAN1IER RATIO PEROF A AR~EA
T I PORTION d d ROLE HOLS (in.) (in.m)
E T (in.) (in.) t (in. 2 )

1 BLAIK 0 0 0 0 0 0

2a 25.6 1.953 .0595 .952 .002780 284 .78952 3.0840

2b " " 3.906 5 " i " " " 54 1.5401 6.0160

2c " " 5.859 " " " " o it 824 2.2907 8.9480

3a 7.03 1.851 .0595 .952 .002780 83 .2307 3.2817

3b " " 3.702 " I i of " 158 .4392 6.2475

3c " " 5.552 "1 I to "  f " 260 .7228 10.2816

4a 25.6 1.946 .0995 1.592 .007775 111 .8630 3.3711

4b 1- , 3.892 of $I of o f, 213 1.6561 6.4691

4c 5.839 " " " " " " 315 2.4491 9.5668

5a 57.188 1.953 .0995 1.592 .0o7775 238 1.8505 3.2358

5b " " 3.906 01 oi f " " 463 3.5998 6.2947

5c " " 5.859 "" " " " 688 5.3492 9.3537

WADC TR 55-185 13
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Fig. 8 -Vacuum Pump installation
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